Cenozoic basalt regions contain various natural resources that can be used for socio-economic development. Different quantitative and qualitative methods have been applied to understand the geological and geomorphological characteristics of basalt formations. Nowadays the integration of remote sensing and geographic information systems (GIS) has become a powerful method to distinguish geological formations. In this paper, authors combined satellite and fieldwork data to analyze the structure and morphology of highland geological formations in order to distinguish two main volcanic eruption episodes. Based on remote sensing analysis in this study, different spectral band ratios were generated to select the best one for basalt classification. Lastly, two spectral combinations (including band ratios 4/3, 6/2, 7/4 in Landsat 8 and 3/2, 5/1, 7/3 in Landsat 7) were chosen for the Maximum Likelihood classification. The final geological map based on the integration of Landsat 7 and 8 outcomes shows precisely the boundary of the basalt formations with the accuracy up to 93.7%. This outcome contributed significantly to the correction of geological maps. In further studies, authors suggest the integration of Landsat 7 and 8 data in geological studies and natural resource and environmental management at both local and regional scales.
Introduction
As the largest Cenozoic basalt region in Indochina, the three main basalt eruptive episodes in Vietnam occurred respectively in the Miocene, Pliocene and Pleistocene [1, 2] , with the area of more than 25,000 km 2 and depth of from 5 to 500 m [1, [3] [4] [5] . Cenozoic basalt regions can provide plenty of natural resources such as basalt soils for agricultural and forestry development [6, 7] , bauxite sources [8, 9] and various geological heritages [10] for human well-being. Interestingly, the distribution of these three phases significantly affects land use planning and socio-economic development at both local and regional scales [9, [11] [12] [13] . However, the physical and chemical characteristics of basalt have been only analyzed at plot scales [14, 15] ; while their areal distribution has been only mapped at 1: 250,000 scale in many countries [16] [17] [18] , instead of at local scales because of data scarcity [19, 20] .
In addition to traditional methods such as radiometric dating and geomorphological description [14, 15, 21] , the integration between remote sensing and geographical information system (GIS) has become a potential tool to study and explain the history of geological development in volcanic regions [22] [23] [24] [25] [26] . Nowadays, modern sensors integrated satellites and aerial vehicles can be used freely for geological analysis at different scales, such as at national scales based on MODIS data with the low resolution from 500 m to 1 km [27] and at local/regional scales based on Sentinel-2 and unmanned aerial vehicles with the high resolution from 5 m to 10 m [28, 29] . Additionally, multispectral remote sensing bands (visible, infra-red and nearinfrared spectra) are powerful data to collect, analyze and process physical properties, soil quality and geological characteristics [30] . As spaceborne moderate-resolution data, the Landsat imageries have been applied for decades in geology for interpretation of hydrothermal alteration, lithological discrimination, and tectonic setting [22, [31] [32] [33] [34] . In order to transform spectral data to useful information/data, different innovative methods such as principal component analysis, frequency analysis, the color combination have been tested successfully in the geological and geomorphological analysis [35] [36] [37] [38] . However, the use of the above methods to distinguish basalt phases has commonly resulted in a low accuracy in basalt rock classification.
As a solution, multiple ancillary data with texture information, such as DEM and geomorphic characteristics can be integrated with multispectral imagery to improve the basalt classification formed in the Pliocene and Pleistocene periods. Authors chose Buon Ma Thuot city in Vietnam and its surrounding region as a pilot case to investigate the potential use of Landsat 7 and Landsat 8 in the combination with GIS for basalt geological classification. Based on the remote sensing, GIS, structural, geometric and morphometric analysis and field survey data, this study aims to identify the location of volcanic eruptions, basalt distribution, and initial observations of different phases of volcanic activity. The size of basalt distribution was mapped, calibrated and standardized. Additionally, different volcanic eruptions were also interpreted. The interpretation of the origins, mechanisms and distributions of basalt soils and areas of bauxite concentration could be valuable to the geo-heritage and socioeconomic development, especially in the generation of lava caves, craters, waterfalls, lakes, columnar basalts, mines and mineral springs formed by volcanic activities [10] . The study not only has an important technical value and economic significance to improve basalt phase classification in (Central) Highland of Vietnam, but also has practical significance for mapping and editing geological maps in basalt areas.
Case study
The selected study region is located in the bordering areas of two provinces of Dak Lak and Dak Nong, Vietnam. The area in Dak Lak province includes Buon Ma Thuot city and part of the neighboring districts as Krong Ana, Cu Kuin, Krong Pac, Cu M'Ga and Buon Don districts. The area in Dak Nong province includes the eastern part of Cu Jut and the northeast of Krong No districts. The total research area is about 1,499 km 2 (Figure 1 ).
The highest area in the northeast part reaches about 670 m, the lowest area in the western part reaches about 200 m ( Figure 1 ). In the southern part, the mountain ranges have been significantly divided by endogenous and exogenous processes since the Jurassic epoch. Approximately 80.4% of the study area have a slight slope (lower than 8 degrees) and only 1.4% of the area have a high slope (higher than 25 degrees) ( Figure 2 ). In the study area, some craters and waterfalls representing cycles of tectonic activity and volcanic eruption could be observed along the Serepok river which locate in the boundary between Dak Lak and Dak Nong provinces. In the Krong No area, some lava caves recently have provided various scientific knowledge and geo-heritage values for domestic and international tourists [10] .
According to a modified geological map by scientists from VNU University of Sciences based on the geological map (scale of 1:200,000) published by the Department of Geology and Minerals of Vietnam (Figure 3) , the area has a relatively simple geological structure with a large area covered by Neogene-Quaternary basalt rocks belonging to the Tuc Trung formation (notated as βN 2 -Q 1 tt in Figure 3 ) and the Xuan Loc formation (notated as Q 2 1 xl in Figure 3 ) [5] . Based on international geological classification, authors translated these two basalt formations to Pliocene (for the Tuc Trung formation) and Pleistocene (for the Xuan Loc formation) basalt formations in this study.
The Jurassic formations include three types: Dray Linh (notated as J 1 đl in Figure 3 Figure 3 ). Quaternary sediment accumulation distributes along the river valleys, including fluvial sediments (notated as aQ 3 2 in Figure 3 [8] . In order to make the basalt classification process simpler, all Jurassic formations were combined to one. The same simplification is also applied to the Quaternary sediments and then, they are called as the Quaternary formation in next sections.
Based on two field surveys in 2017 and 2018, most of residential areas in the study area are built on the Pliocene basalt formation. Because the Pliocene basalt formation distributes in flat lands with a thick weathering layer and soil of good quality, these lands are suitable for crop cultivation and residential activities. Therefore, authors included residential areas into the Pliocene basalt formation. 
Database and methodology

Satellite selection
In order to select suitable remote sensing data for the basalt geological classification at local scales, some criterion was identified including free cost, a high number of spectral bands, available imageries taken in 2017 at medium resolution. Although ASTER and Sentinel-2 imageries provides freely a high potential to undertake semiquantitative mineral mapping, their multispectral bands have been taken in different resolutions with Landsat and not available in 2017. Whereas, Landsat imageries can be downloaded freely and updated monthly at the medium resolution of 30 m, excluding thermal infra-red bandband 10 and 11 for Landsat 8, and band 6 for Landsat 7, and band 8 -Panchromatic has a resolution of 100 m, 60 m and 15 m, respectively [39, 40] . In this study, authors proposed the use of both Landsat 7 and 8 for basalt classification processes. Both Landsat generations have the same spectral ranges, therefore it is easy to compare and com-bine their interpretation results. The use of the Landsat 7 can improve the accuracy in the Landsat 8 interpretation and vice versa (will be presented in section 4.1). Especially, both Landsat generations are capable of providing visible, near infra-red and shortwave infra-red data ( Table 1) . Each spectrum captures unique energy interactions with a surface, including rock structure. Therefore, the Landsat imageries were chosen as a useful data to distinguish lithology and identifying geological structural features [41] [42] [43] [44] [45] .
The Landsat 7 (ETM +) and Landsat 8 (OLI) satellite images used in this study were provided for free by the United States Geological Survey (USGS). Compared to the Landsat 7, sensors in the Landsat 8 were improved in performance and reliability such as 12-bit quantized image sensors that produce better image quality than 8 bits of Landsat 7. Additionally, the Landsat 8 has 11 image bands taken 250 scenes a day, whereas the Landsat 7 only has 8 image bands. In this study, the Landsat 8 (OLI) image was taken on 17/02/2017 and Landsat 7 (ETM +) image was taken on 03/03/2017. According to the Table 1 , the bands of the Landsat 8 have the same wavelength and spatial resolution as those of the Landsat 7. The integration between results calculated from Landsat 7 and 8 is commonly used to improve the accuracy in geological analysis [29, [46] [47] [48] . The integration process will be presented in next sections.
Band ratio selection
In satellite image analysis, the band ratios have been commonly used to (1) reduce illumination effects from the sun, slope and shadows [16, 49, 50] ; (2) create a new spectral band to highlight the spectral differences associated with lithological and geological structures [51] . Some popular ratios were presented in Table 2 . In order to highlight the structural differences and lithological characteristics, users can produce various combinations based on band ratios generated from one Landsat satellite image taken in a particular time and place [52, 53] . The ratio selection is necessary to distinguish main objectives with other fuzzy objectives. For instance, [52] have tested 28 color combinations based on the band ratios before selecting the best combination to identify and map the distribution of their lithological objectives in Malaysia.
In this study, authors carried out 21 different tests/combinations to select the best combination that can separate basalt phases in the study case. The visible channels for the geologic elements were selected to interpret lithological units, authors used RGB combinations between bands 6, 7 and 4 of Landsat 8 and between 5, 7 and 3 of Landsat 7 (as described in [41] as the first input ratio band for each type of the Landsat image. Additionally, the band ratios of 3 to 2; 5 to 1; and 7 to 3 of Landsat 7 and the band ratios of 4 to 3, 6 to 2 and 7 to 4 of Landsat 8 [53] [54] [55] [56] [57] were added to increase the contrast between lithological objectives and others as the second and third input data for computerized interpretation (Figure 4 ). According to [41] , these combinations can highlight major geological features such as Jurassic appears in a cyanuric color, Quaternary sediments in a blue color, and basalt formations in a lighter blue color. In this study, (satellite) imagery classification was processed by Classification tool in ENVI 5.3 software. Conversions for synchronization of the satellite imagery database, maps were made by FME Desktop 2016 software.
Additional abiotic variables
Fieldwork was conducted to study geological and geomorphological characteristics and to identify samples of different lithological types ( Figure 5 ). Location of sample points was determined by handheld GPSMAP 78S. Accordingly Figure 5 ) and randomly distributed at the ratio of 70% and 30% [58, 59] . Accordingly, 70% of the sample points were used for computerization (219 points), and the remaining 30% (94 points) of the samples were used to verify the results. The Digital Elevation Model (DEM) with 12.5 m resolution was provided by the Alaska Satellite Facility (ASF), which was processed on 08/09/2009. DEM is analyzed by the Spatial Analyst Tools of ArcGIS 10.3 software. In addition, the study used satellite images, digital elevation models online provided by Google Earth Pro software. The elevation data was also added in the attribute table of sample points to compare with other remote sensing and abiotic variables. 
Geological classification process
The flowchart of the basalt classification process is shown in Figure 6 . The classification process can be divided to three steps including (1) data preparation and satellite image processing, (2) field survey and image interpretation, and (3) generation and validation of geological map. In the first step, in order to classify the lithology in Buon Ma Thuot and neighboring areas, Landsat 7 and 8 satellite images which were compositing in RGB by the band ratios. Band ratios are obtained easily by dividing digital number of each pixel at the one location in one band by each pixel at the same location in another band. Thus, band ratio technique highlights the spectral differences related to the specific materials to be mapped and disintegrates these surface materials from each other; otherwise, such information will not be available in any single band [57] . By applying this technique, lithology structures can be best distinguished by a combination of ratios that include short wavelength bands, the ratio of the long wavelength bands, and a ratio of one band each from short and long wavelength band groups [51] .
The RGB band ratio combination will be categorized according to the supervised classification. This is a probabilistic method that is able to arrange user-defined pixels into different classes. In it, all the pixels in an image are identified by the same spectral notation for the purpose of recognizing the identity, representative samples representing the different expressions that we want to classify. Standard samples were usually selected directly in the field or rely on reliable sources such as aerial photographs, satellite images and related maps. Accordingly, the more samples selected, the more accurate the classification will be. The sampling sites used a spectrum to give an outline of those areas. Digital image classification used spectrum information represented by one or more spectral channels of satellite imagery and attempts to classify each pixel independently based on this spectral information. In other cases, the objects are assigned all the pixels in the image according to the individual layers or the individual threads.
Supervised classification techniques include parallelepiped, minimum distance, maximum likelihood, spectral angle mapper (SAM), spectral information divergence (SID), and binary encoding. The most commonly used classification methods are the maximum likelihood classification (MLC) [60] [61] [62] . The MLC considers the statistics of each class in each image band to be dispersed in a regular manner and this method considers the ability of a pixel of a given class. Without selecting a probability threshold, all pixels must be sorted. Each pixel is assigned to a class with the highest probability (i.e., "Maximum likelihood"). This method is based on the hypothesis that the probability density function for each class is multivariate, and an unknown pixel is assigned to a class with the highest probability of belonging [62, 63] . The calculation is based not only on the distance value, but also on the degree of gray variation in each layer. This is an accurate classification method but takes a lot of time to compute and depends on the standard distribution of the data (as described by [60] for more detail).
In the second step of the flowchart of the basalt classification process, four geomorphological factors generated based on DEM at resolution 12.5 m include slope, relative elevation and absolute elevation and drainage density. The geomorphological characteristics were assigned to 313 samples that were collected in section 3.3. 75% of data were separated to be used as training data, whereas the rest of data were used as testing data to interpreted geological maps based on Landsat image in step 2. The distribution of geological samples will be validated in four above geomorphological factors. This information is important to classify geological classes in step 3 with the integration with outcomes from step 1. In step 3, the last field survey was carried out in October 2018 to validate the location of the Quaternary basalt formations, especially based on the appearance of craters. The main outcome is presented in section 4.3.
Results
Geological maps based on Landsat 7 and 8 analysis
Using the maximum likelihood classification method and carrying out the steps of the research process as described above, geological maps was developed based on the Landsat 7 and 8 data as shown in Figure 7 . The areal distribution and percentage of geological formations in the study case were shown in the Table 3 . According to the percentage of all formations, the Pliocene basalt formation takes more than 55% of the whole region. The Pleistocene and Jurassic formations take from 14 to 19% of the whole region. The obvious difference between the outcomes from Landsat 7 and 8 data could be detected in Jurassic, Pleistocene and Pliocene basalt formations. The area of the Pleistocene basalt and Jurassic formations based on the Landsat 8 data is 3,000 ha and 6,500 ha respectively larger than those based on the Landsat 7 data. By contrast, the Pliocene basalt formation found in Landsat 8 is 10,000 ha smaller than in Landsat 8. The areal distribution of other formations in both data were similar.
The accuracy of the results is shown in Tables 4 and 5. By using 30% of the remaining sample points (94 sample points) overlap the result map and count, it can be concluded that the accuracy of using Landsat 8 images was higher (89.9%) than using Landsat 7 images (80.3%). Interestingly, the Quaternary sedimentary samples were identified correctly 100%, whereas other formations were predicted with the accuracy of from 80 to 87% in both Landsat data. The total accuracy of the outcomes based on Landsat 7 data was reduced, especially in the Pleistocene basalt formation on the one hand when the accuracy of this formation only reached 33%. Compared to the outcomes based on the Landsat 8, the Pliocene basalt formation detected from Landsat 7 is better than 10%. 
Geomorphological characteristics of basalt formations
Final geological map based on the integration of Landsat 7 and 8 data
After validating the interpretation results of two Landsat data, the final geological map of the study case was carried out with the expert analysis in field surveys, topographical data, and associated maps. The boundaries of the major geological formations were delineated in the study area. Accordingly, the study area was divided into three main geological groups: basalt, Jurassic and Quaternary formations. Particularly, the basalt formation was divided into two specific types: Pliocene basalt and Pleistocene basalt formation. Especially, the classification between basalt and non-basalt formations shown in the Figure 9 is the integration of two interpretation results. Whereas the boundary of Pleistocene basalt formation was inherited from the Landsat 8 interpretation result (with accuracy of 100%), the boundary of Pliocene basalt formation was inherited from the Landsat 7 interpretation result (with accuracy of 93.8%) ( Table 6 ). Therefore, the average accuracy of basalt geological classification based on Landsat data would be 96.9% and of all five geological formations would be 93.7%. As another result, eight ancient craters were identified and six of them locate in the Pliocene basalt formation. 
Discussions
Potential use of spectral band ratios in other geological studies
The interpretation results based on Landsat 7 and 8 for geological classification proved the potential of spectral band ratios as mentioned in previous geological studies that only used one type of data [36, 52, 53] . The interpretation for a single satellite image can commonly distinguish main geological formations such as Jurassic, Neogene and Quaternary formations but this method could not separate different geological materials in detail in each formation. The integration between two Landsat generations has taken full advantage of each interpretation result, particularly in basalt classification. In the case of research area, while the use of Landsat 7 data can interpret basalt materials belong to the Pliocene basalt formation, the use of Landsat 8 data can interpret basalt materials belong to the Pleistocene basalt formation. Therefore, authors propose the use of single satellite data for geological classification in general as the first step, and the use of integrated satellite data for basalt geological classification in detail. The successful development of new spectral band ratios for Landsat satellite images to classify basalt formations have proved a high potential use of these ratios for other satellite images such as Aster and Sentinel-2 images.
Comparison of the results with the traditional geological maps
Compared to the formal geological maps (at 1: 200,000 scale) published by the Department of Geology and Minerals of Vietnam (Figure 3 ), some differences between geological formations can be found as following:
The first issue relates to the accuracy of basalt and non-basalt formations based on the analysis of both morphological features and remote sensing. The Jurassic formation has made a complex terrain with high slope, deep division (Figures 2b and 2c ) and a small drainage density (Figure 2d ). Based on both Landsat satellite images, the Jurassic formation can be characterized with cyan color and rough structures, while the Quaternary formation can be identified with dark blue and smooth structure (Figure 4) . However, the identification of basalt and non-basalt boundaries are different in the interpretation results with geological map (Figure 3 ).
In this section, authors emphasize two specific cases, such as in black frames that were denoted as "1" and "2" in Figures 4 and 8 . In the frame 1, the Pleistocene basalt formation in the geological map (Figure 3) is overlapped the Jurassic formation. In fact, some lava caves were only found in the north-eastern sides of these overlapping areas, whereas a complex terrain formed by Jurassic formation could be observed easily in the western side of the frame 1 on the one hand. The distinguishing of the Jurassic and Pleistocene basalt formations in the frame 1 has proved the high accuracy of interpretation results. Another result was found in the frame 2. The satellite image showed a darker blue and finer texture of the Pliocene basalt tone and morphological maps (Figure 2b and 2c ) showed that this area was characterized by small slopes and deep divisions like the Pliocene basalt formation. However, the area in the frame 2 was identified as the Jurassic formation in the geological map. Thus, the correct realignment between the basalt and non-basalt formations in the area of this result is very significant in correcting and re-normalizing the types of geological maps at the average scales (e.g. 1: 200,000 to 1: 50,000).
According to the geological map (Figure 3) , the Pleistocene basalt formation secondly accounted for a major area of the Krong Ana district and a part of the Buon Ma Thuot city, while this formation was not found at the same places in the interpretation result ( Figure 9 ). In Figure 4b , the spectrum of the Pleistocene basalt formation in the Krong No area are lighter green and brighter compared to the rest of the study area. In fact, the Pleistocene basalt rocks in Krong No district is relatively fresh, with poor weathering (Figure 10a and 10c) , while the Pliocene basalt are strongly weathered, creating a thick basalt soil in other areas (Figure 10b and 10d ).
Lava caves, as another method to identify the area of the Pleistocene basalt formation, were found not only in Krong No district, but also in the Central Highlands of Vietnam. The location of these caves was found in the boundary of the Pleistocene basalt formation in the interpretation results. Although [5, 10, 13] also found the lava caves in Tan Phu and Dinh Quan area, Dong Nai province -Southeast Vietnam, he did not identify the geological formation of these caves. It is possible that basalt caves are formed only in the youngest geological period, so they are well preserved until today. Additionally, the distribution of "Quaternary basalt formation" in the interpreted maps was validated firstly based on the appearance of lava tubes' mouths. In other words, the accuracy of outcomes to interpret the "Quaternary basalt formation" is high. Secondly, the outcomes (geological maps) were interpreted at the regional scale can become more useful for studies at the plot scales, especially in the identification of unknown lava tubes' mouths by many interdisciplinary scientists.
Conclusions
The study presented the analysis and interpretation processes of satellite imageries in combination with the digital elevation model and morphometric maps to classify the geological formations and to identify the ancient craters in a highland area, Vietnam. Three main issues can be concluded as following:
-Based on medium resolution data of the Landsat 7 and 8 satellite images, the lithological and volcanic landform features can be identified with a high accuracy at both regional and national scales, especially with the basalt area of Pleistocene basalt and Pliocene basalt formations. -The boundary of geological formations (e.g. basalt and non-basalt distribution) or geological maps obtained from Landsat data can be a used to calibrate/validate traditional geological maps and to interpret different volcanic eruptions and caves. -The integration of Landsat 7 and 8 data can be a powerful tool not only for geological studies, but it also provides various information for natural resource and environmental management.
